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The production of mycobactin (MBT) by Mycobacterium tuberculosis is essential for this bacterium to access iron when it is in
an infected host. Due to this essential function, there is considerable interest in deciphering the mechanism of MBT assembly,
with the goal of targeting select biosynthetic steps for antituberculosis drug development. The proposed scheme for MBT bio-
synthesis involves assembly of the MBT backbone by a hybrid nonribosomal peptide synthetase (NRPS)/polyketide synthase
(PKS) megasynthase followed by the tailoring of this backbone by N6 acylation of the central L-Lys residue and subsequent N6-
hydroxylation of the central N6-acyl-L-Lys and the terminal caprolactam. A complete testing of this hypothesis has been hin-
dered by the inability to heterologously produce soluble megasynthase components. Here we show that soluble forms of the
NRPS components MbtB, MbtE, and MbtF are obtained when these enzymes are coproduced with MbtH. Using these soluble
enzymes we determined the amino acid specificity of each adenylation (A) domain. These results suggest that the proposed tai-
loring enzymes are actually involved in precursor biosynthesis since the A domains of MbtE and MbtF are specific for N6-acyl-
N6-hydroxy-L-Lys and N6-hydroxy-L-Lys, respectively. Furthermore, the preference of the A domain of MbtB for L-Thr over L-Ser
suggests that the megasynthase produces MBT derivatives with �-methyl oxazoline rings. Since the most prominent form of
MBT produced by M. tuberculosis lacks this �-methyl group, a mechanism for demethylation remains to be discovered. These
results suggest revisions to the MBT biosynthesis pathway while also identifying new targets for antituberculosis drug
development.

The bacterium Mycobacterium tuberculosis, the primary caus-
ative agent of tuberculosis (TB), infects one-third of the

world’s population and was responsible for 1.4 million deaths in
2010 (46). A significant challenge in treating M. tuberculosis infec-
tions is the evolution of strains that are resistant to first- and sec-
ond-line drugs that are key components of TB treatment (37). To
meet this challenge, new anti-TB drugs and new M. tuberculosis
drug targets must be identified.

One new target for antitubercular drug development is the
biosynthesis of mycobactin (MBT) siderophores in M. tuberculo-
sis. These iron-chelating molecules are attractive drug targets be-
cause M. tuberculosis must survive in the phagosomes of macro-
phages, where it competes with the host for iron (4). Strains of M.
tuberculosis that are unable to biosynthesize MBTs or import
MBTs with chelated iron are impaired in their ability to grow in
the lung or macrophages (35), demonstrating the importance of
these molecules in causing disease. Furthermore, the addition of
small molecules that disrupt MBT biosynthesis inhibited M. tu-
berculosis growth in iron-limiting media (10). These data provide
strong support for targeting MBT biosynthesis for drug develop-
ment.

The MBT siderophores are a family of nonribosomal peptide/
polyketide hybrid natural products produced by many mycobac-
terial species and other actinomycetes (13, 30, 39). M. tuberculosis
produces both membrane-associated and soluble forms of MBT
that have structural differences at two locations (Fig. 1). The most
significant structural difference is the variability of acyl group at-
tached to the N6 of the central L-Lys residue. The membrane-
associated MBTs have a long fatty acyl chain, which is capped by a
methyl group, while the soluble forms of MBT contain a shorter
fatty acyl chain, which is capped with either a carboxylate or
methyl ester. The fatty acids may also contain desaturation be-

tween the � and � carbons. The second region of structural vari-
ation is at the �-carbon of the oxazoline ring. This carbon is un-
methylated in the predominant MBT produced by M. tuberculosis,
MBT T (38), and methylated in a fraction of the soluble MBTs
(13). Recent work identified further structural variants of MBT
that lack the hydroxyl groups on the N6 of both L-Lys residues (23,
27); thus they are deficient for two moieties that are needed for
iron chelation. These molecules were not identified for their
iron-chelating proficiency; rather, they were identified as mol-
ecules present in the cell wall of M. tuberculosis that stimulate T
cell activation (27) or were detected using mass spectrometry
(23). These findings were used to suggest that the N6-hydroxy-
lations are the final steps in MBT biosynthesis. Interestingly,
the nonhydroxylated structural variants that stimulated T cell
activation contain oxazoline rings that are �-methylated, in
contrast to MBT T. MBTs containing �-methylated oxazoline
rings have also been identified from Nocardia sp. A32030 (43);
thus, this form of MBT is also biosynthesized by other actino-
mycetes, suggesting that M. tuberculosis may also form �-meth-
ylated MBT derivatives.

The vital role of MBTs in M. tuberculosis physiology and viru-
lence has drawn considerable interest in identifying the genes in-
volved in MBT biosynthesis. Initial genome analysis identified a
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gene cluster (mbt-1) in M. tuberculosis that codes for salicylate
biosynthesis (MbtI), N6-hydroxylation of L-Lys (MbtG), the hy-
brid nonribosomal peptide synthetase (NRPS) and polyketide
synthase (PKS) megasynthase that assembles MBT (MbtA to -F),
and two proteins of unknown function (MbtJ and MbtH) (29).
Subsequent genetic studies confirmed that this gene cluster was
associated with MBT production in M. tuberculosis (4). Analyses
of the homologous clusters from Mycobacterium smegmatis (3)
and Nocardia farcinica (15) confirmed that they were involved in
the biosynthesis of MBT and the analog nocabactin NA, respec-
tively, providing additional support for the idea that these gene
clusters are involved the production of MBT and MBT-like sid-
erophores.

As stated above, the megasynthase is a hybrid NRPS/PKS.
These enzymes are characterized by a repeating domain architec-
ture that recognizes and covalently tethers each precursor to the
megasynthase, followed by directional condensation of the pre-
cursors to generate the nonribosomal peptide/polyketide (5). For
NRPSs, the core repeating domains include an adenylation (A)
domain that recognizes a particular amino or aryl acid and acti-
vates it as an acyl-AMP intermediate. These domains are viewed as
the “gatekeepers” of NRPS enzymology because they control
which aryl or amino acid substrates are incorporated for each
position in the peptide (41, 44). The activated carbonyl of the
acyl-AMP intermediate is attached to the sulfhydryl of the 4=-
phosphopantetheinyl prosthetic group of the neighboring carrier
protein (CP) domain, forming an acyl-S-CP intermediate. Con-
densation (C) domains then catalyze directional amide bond for-
mation between two neighboring acyl-S-CPs. In some cases mod-
ified C domains, called cyclization (Cy) domains, are found in
place of the C domains and form oxazolidine or thiazoline rings by
catalyzing both the condensation and cyclization of Ser, Thr, or
Cys residues concomitant with peptide assembly (18, 24). These
domains come together to form a module (C[Cy]-A-CP), and the
number of modules typically corresponds to the number of acyl or
amino acids in the assembled peptide (8). For PKSs, there is an
analogous set of repeating domains: (i) acyltransferase (AT) do-
mains that recognize specific thioesterified carboxylic acids and
activate them as acyl-O-AT intermediates, (ii) CP domains to

which the precursors become tethered via thioesterification, and
(iii) ketosynthase (KS) domains that catalyze the directional con-
densation of CP-linked precursors (19). These core domains (KS-
AT-CP) form a basic PKS module analogous to a module in
NRPSs. The similarities between NRPS and PKS enzymology are
what enables the fusion of these systems to form NRPS/PKS hy-
brids.

While the genetic analysis of mbt-1 has been fruitful, the same
cannot be said for the biochemical analysis of the majority of the
megasynthase components (MbtA to -F). The in vitro analysis has
been limited to MbtA, an A domain that specifically activates sa-
licylate, and the N-terminal CP domain of MbtB, to which the
salicyl moiety is covalently tethered (29). The Cy, A, and second
CP domains of MbtB were characterized as part of an artificial
hybrid NRPS, confirming that these domains are able to catalyze
the formation of an oxazoline or �-methyl oxazoline ring in vitro
(6). Further analysis of the megasynthase components has been
hampered by the inability to obtain soluble forms of MbtB to -F
(29), which has prevented biochemical testing of their assigned
functions and amino acid substrate specificity.

The mbt-1 cluster codes for many of the enzymes needed for
MBT biosynthesis, but it lacks the genes coding for the enzymes
involved in the formation of the fatty acyl chain and its subsequent
addition to the N6 of the central L-Lys. A recent study identified an
unlinked gene cluster (mbt-2) that codes for the necessary en-
zymes needed for this aspect of MBT biosynthesis (21). Through a
series of elegant in vitro studies, Krithika and colleagues pieced
together a potential pathway for the synthesis of the fatty acyl
group, its installment on the N6 of the central L-Lys, and hydroxy-
lation of the N6 of the central L-Lys and terminal caprolactam.
Thus, it was proposed that the enzymes encoded by the mbt-2 gene
cluster, in conjunction the mbt-1-encoded MbtG, function as tai-
loring enzymes that modify the MBT backbone that is assembled
by the NRPS/PKS megasynthase. The authors could not fully test
their hypotheses biochemically because of the insolubility of most
MBT megasynthase components.

Recently we (7) and others (17, 49) determined that members
of the MbtH-like protein superfamily are small proteins that in-
fluence the solubility and function of associated NRPS compo-

FIG 1 Chemical structures of the MBTs produced by M. tuberculosis. The membrane-associated MBTs are on the left; the soluble MBTs are on the right. The �
and � designations denote the carbons of the oxazoline ring that may contain a methyl group.
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nents. One of the most important proposals from these studies is
that NRPSs that were previously recalcitrant to in vitro analysis
due to insolubility or inactivity issues may become soluble and
active when coproduced with their cognate MbtH-like protein.
This protein superfamily is named after its founding member,
MbtH, a protein of unknown function in MBT biosynthesis (29).
It is possible that the prior insolubility problems with the NRPS
components MbtB, MbtE, and MbtF were due to heterologous
production in the absence of MbtH. Therefore, coproduction of
MbtH with these enzymes may provide soluble and active forms of
these enzymes for in vitro analysis. This would allow the amino
acid specificity of the A domains of MbtB, MbtE, and MbtF to be
assessed. Because A domains are the “gatekeepers” of NRPSs and
select for the correct substrate to be incorporated into the growing
peptide, defining A domain substrate specificity establishes where
that particular NRPS fits into the biosynthetic scheme and
whether modifications to the amino acids seen in the final product
occur before or after peptide synthesis by the NRPS. Here we show
that the solubility and activity of MbtB, MbtE, and MbtF are in-
fluenced by the presence of MbtH. Furthermore, we define the A
domain substrate specificities of each protein, which leads to a
revision of the proposed MBT biosynthetic pathway and the pos-
sibility that additional steps in MBT biosynthesis have yet to be
identified.

MATERIALS AND METHODS
Plasmid construction. The genes coding for MbtB, MbtE, MbtF, and
Rv1347c in M. tuberculosis mc26020 were cloned into the overexpression
vector pET28b (EMD Chemicals) using polymerase incomplete primer
extension (PIPE)-based cloning (20). Each construct resulted in the pro-
duction of a protein with an N-terminal hexahistidine tag. PIPE cloning
was also used to introduce mbtH into the expression vectors pTEV5 and
pACYC-Duet1. The pTEV5 construct produced MbtH with an N-termi-
nal hexahistidine tag that was removable using tobacco etch virus (TEV)
protease. The pACYC-Duet1 expression vector overproduced untagged
MbtH. The primers used for PCR amplification are listed Table 1.

Overproduction and purification of MbtB, MbtE, MbtF, Rv1347c,
and MbtH. All proteins in this study were overproduced in Escherichia coli
BL21(DE3)ybdZ::aac(3)-IV (7). Strains overproducing MbtB, MbtE, and
MbtF also contained either the pACYC-Duet1-MCS empty vector or
pACYC-Duet1-MbtH, which overproduced untagged MbtH. In all cases,
the overproducing strains were grown in 3 liters of LB containing the
appropriate antibiotics (kanamaycin [50 �g/ml], chloramphenicol [15
�g/ml]). The cells were grown at 25°C until an optical density at 600 nm

(OD600) of 0.5 was reached, the temperature was shifted to 15°C, and 1 h
later isopropyl-�-D-1-thiogalactopyranoside (100 �M) was added to the
cultures to induce gene expression. Expression was at 15°C for 15 h. The
cells were harvested by centrifugation and resuspended in buffer A (20
mM HEPES [pH 8.0], 300 mM NaCl, 10% [vol/vol] glycerol). MbtB,
MbtE, MbtF, and Rv1347c purification followed previously described
protocols for NRPS, and MbtH-like protein purification used nickel che-
late and ion-exchange chromatography (7, 9). The protein concentrations
were determined using the BCA protein assay kit (Pierce), with bovine
serum albumin (BSA) as a standard.

Untagged MbtH was purified using nickel chelate chromatography
before and after hexahistidine tag cleavage. Briefly, soluble protein from
cell extract in buffer A supplemented with imidazole (5 mM) was batch
bound to 1 ml of Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) at 4°C
for 2 h. The resin was washed with buffer A containing 7.5 mM imi-
dazole, and the resin was poured into a column. The proteins bound to
the Ni-NTA resin were eluted using a step gradient of buffer A con-
taining 20, 40, 60, 100, or 250 mM imidazole. Fractions containing
MbtH were pooled and dialyzed overnight in buffer B (50 mM Tris-
HCl [pH 8.0], 50 mM NaCl, 10% [vol/vol] glycerol) containing 0.3 mg
of hexahistidine-tagged TEV protease (34). The dialyzed and TEV-
digested protein was passed through 1 ml of Ni-NTA resin to remove
hexahistidine-tagged MbtH and TEV protease. The untagged MbtH
that did not bind to the resin was collected and concentrated. The
protein concentration was determined using the BCA protein assay kit
(Pierce), with BSA as a standard.

Chemical synthesis of N6-hydroxyl-L-Lys. The synthetic scheme for
N6-hydroxy-L-Lys is shown in Fig. 2. During the synthesis procedure, 1H
nuclear magnetic resonance (NMR) and 13C NMR were recorded on
Bruker spectrometers operating at 500 and 125 MHz, respectively. Deu-
terated chloroform (CDCl3) or perdeuterated methanol (CD3OD) served
as the solvent and internal reference. Chemical shifts are reported as ppm,
and coupling constants are reported in hertz. All reagents and solvents
were obtained from commercial suppliers and used without further puri-
fication. All flash chromatography was performed with normal phase sil-
ica gel (Sorbent Technologies; 32- to 63-�m particle size, 60-Å pore size),
following the general protocol of Still et al. (42).

Synthesis of 2. Benzoyl peroxide (75%, 706 mg, 2.18 mmol) was
added to a stirring biphasic mixture of 1 (16) (490 mg, 1.46 mmol) in
buffer (7 ml, 7:3 0.75 M NaHCO3–1.5 M NaOH, pH 10.5) and dichloro-
methane (DCM; 7 ml). After 3 h, thin-layer chromatography indicated
consumption of the starting material. The reaction mixture was diluted
with DCM (15 ml) and H2O (15 ml). The layers were separated, and the
aqueous portion was extracted with DCM (twice, 15 ml each). The organ-
ics were pooled, washed with 10% Na2S2O3 (twice, 15 ml each) and brine
(once, 30 ml), and then dried (Na2SO4), filtered, and concentrated. The

TABLE 1 Primers used for PIPE cloning

Primer Sequence (5=¡3=)
MbtHpTEVPIPEFor GTATTTTCAGGGCGCTAGCCATATGAGCACCAATCCTTTCGATG
MbtHpTEVPIPERev GCTCGAGAATTCCATGGCTCAGTCCTCGACCATGGCGTCACG
pTEVPIPEFor GCCATGGAATTCTCGAGC
pTEVPIPRev ATGGCTAGCGCCCTGAAAATAC
MbtHpACYCNcoIPIPEFor TTAATAAGGAGATATACCATGAGCACCAATCCTTTCGATG
MbtHpACYCHindIIIPIPERev TTATGCGGCCGCAAGCTTTCAGTCCTCGACCATGGCGTC
pACYCNcoIPIPE TTAATAAGGAGATATACCATG
pACYCHindIIIPIPE TTATGCGGCCGCAAGCTT
MbtB-NdeI CCGCGCGGCAGCCATATGGTGCATGCTACGGCGTGCTCG
MbtB-HindIII GAGTGCGGCCGCAAGCTTTTATCGGACATCGGCACTCAC
MbtE-NdeI CCGCGCGGCAGCCATATGTGGTTCGTGCAGATGGCCGAC
MbtE-HindIII GAGTGCGGCCGCAAGCTTTCACGGCCACTGGTCCCATGA
MbtF-NdeI CCGCGCGGCAGCCATATGGGACCAGTGGCCGTGACGCGA
MbtF-HindIII: GAGTGCGGCCGCAAGCTTTCATGCTGTTATCTCCGCCAG
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crude material was chromatographed on silica (1:0¡9:1 DCM-ethylac-
etate [EtOAc]) to afford 2 as a thick syrup (512 mg, 77%).

1H-NMR (500 MHz, CDCl3) data were �: 8.06 (2 H, dd, J � 6.8 Hz, 0.5
Hz), 7.97 (1 H, s), 7.60 (1 H, m), 7.48 (2 H, m), 7.41 to 7.31 (5 H, m), 5.73
(1 H, d, J � 8 Hz), 5.15 (2 H, s), 4.34 (1 H, m), 3.15 (2 H, t, J � 6 Hz), 1.91
(1 H, m), 1.71 (3 H, m), 1.39 (11 H, m).

13C-NMR (125 MHz, CDCl3) data were �: 172.9, 167.2, 156.4, 136.9,
133.7, 129.7, 129.5, 128.9, 128.8, 128.7, 128.4, 82.3, 67.1, 55.3, 53.6, 32.2,
27.7, 26.6, 22.1.

Synthesis of 3. An aqueous solution of NaOH (1.5 M, 550 �l, 0.83
mmol) was added to a solution of 2 (250 mg, 0.55 mmol) in methanol (5
ml) under an N2 atmosphere. After 40 min thin-layer chromatography
indicated the loss of the starting material. The reaction mixture was di-
luted with H2O (15 ml), which produced a white precipitate. The mixture
was extracted with diethyl ether (Et2O) (3 times, 10 ml each). The organic
fractions were pooled and washed with brine (twice, 20 ml each) and then
dried (MgSO4), filtered, and concentrated. Filtration and concentration
yielded a colorless clear oil. The crude material was purified on silica with
33:1¡30:1 DCM-methanol containing 0.1% NH3 to afford 3 (157 mg,
81%) as a cloudy oil.

1H-NMR (500 MHz, CDCl3) data were �: 7.35–7.29 (5 H, m), 5.49 (1
H, d, J � 8 Hz), 5.10 (2 H, s), 4.26 (1 H, m), 4.12 (1 H, br s), 3.34 (1 H, br
s), 2.89 (2 H, m), 1.80 (1 H, m), 1.70 to 1.50 (3 H, m), 1.45 (9 H, s), 1.42 to
1.30 (2 H, m).

13C-NMR (125 MHz, CDCl3) data were �: 172.1, 156.4, 136.8, 158.9,
128.54, 128.52, 82.5, 67.3, 54.6, 53.8, 33.2, 28.4, 26.9, 23.0.

Synthesis of N6-hydroxy-L-Lys (4). 3 (38 mg, 0.11 mmol) was dis-
solved in DCM (1 ml) in a vial under N2. HBr (33% solution in acetic acid
[AcOH], 1 ml) was added via syringe down the side of the vial. The result-
ing brown solution was stirred at room temperature (RT) for 1 h. Volatiles
were removed via an N2 stream, and the remaining liquid was removed
under reduced pressure. The residue was processed in an azeotropic so-
lution twice with PhMe and then triturated with Et2O and DCM to afford
the desired product. Spectroscopic data were as previously described (12).

Enzymatic synthesis of N6-acyl-L-Lys and N6-acyl-N6-hydroxy-L-
Lys. The previously reported reaction conditions for Rv1347c catalysis
were used to catalyze N6 acylation of L-Lys and N6-hydroxy-L-Lys (11, 21).
Briefly, 3.3 �g of Rv1347c was added to a 350-�l reaction mixture of 100
mM Tris-HCl, pH 8.0, 1 mM decanoyl-coenzyme A (decanoyl-CoA), and
500 �M L-Lys or N6-hydroxy-L-Lys. Reaction mixtures containing N6-
hydroxy-L-Lys were incubated at 25°C for 3 h, while reaction mixtures
containing L-Lys were incubated at 25°C for 20 h.

Enzymatic synthesis of N6-acyl-N6-hydroxy-L-Lys and N6-acyl-L-Lys
was monitored and quantified using a combination of 5,5=-dithiobis-(2-
nitrobenzoic acid) (DTNB)- and high-pressure liquid chromatography
(HPLC)-based assays. Briefly, the progression of the N6-hydroxy-L-Lys-
containing reaction was monitored using an established DTNB-based as-
say that monitors the release of free CoA from decanoyl-CoA after
Rv1347c-dependent acylation of N6-hydroxy-L-Lys (11, 21). The amount
of N6-acyl-N6-hydroxy-L-Lys formed was determined using the molar
extinction coefficient of 5-thio-2-nitrobenzoate (14,150 M�1 cm�1),
which is formed when free CoA reacts with DTNB (31). The amount of
N6-acyl-N6-hydroxy-L-Lys was determined to be 31.5 nmol (90 �M final
concentration) after 3 h of incubation at 25°C. This assay was not reliable
for quantifying the amount of N6-acyl-L-Lys produced because the rate of
CoA release was near that for the no-amino-acid control.

An HPLC-based assay was used to quantify the amount of N6-acyl-L-
Lys produced. Briefly, 50 �l of an Rv1347c-catalyzed reaction mixture was
removed and added to an equal volume of o-phthalaldehyde (OPA). The
OPA-derivatized reaction components were separated by reverse-phase
HPLC using a C18 column (Grace C18 small pore, 250 by 4.6 mm). Sepa-
ration was carried out using a water-acetonitrile (MeCN) gradient con-
taining 0.1% (vol/vol) trifluoroacetic acid and 0% MeCN for 0 to 5 min, 0
to 100% MeCN for 5 to 20 min, and 100% MeCN for 20 to 30 min. The
gradient was run at a flow rate of 1 ml/min. The elution of OPA-deriva-
tized molecules was monitored for absorbance at 340 nm, and the area
under the peak associated with derivatized N6-acyl(decanoyl)-L-Lys was
quantified using Beckman-Coulter 32K software. The identity of the
OPA-derivatized N6-acyl(decanoyl)-L-Lys was confirmed by electrospray
ionization mass spectrometry (ESI-MS; theoretical m/z � 415.3 [M-H]�,
observed m/z � 415.2 [M-H]�). To quantify the amount of N6-acyl(de-
canoyl)-L-Lys, known amounts of N6-acyl(decanoyl)-N6-hydroxy-L-Lys
were derivatized with OPA and analyzed by reverse-phase HPLC and the
area under the eluting peaks was quantified. These data were used estimate
the amount of N6-acyl-L-Lys that was enzymatically synthesized. The
identity of the OPA-derivatized N6-acyl-N6-hydroxy-L-Lys was con-
firmed by ESI-MS (theoretical m/z � 431.3 [M-H]�, observed m/z �
431.2 [M-H]�). All MS was performed at the University of Wisconsin
Biotechnology Center.

Amino acid-dependent ATP-PPi exchange assays. Amino acid-de-
pendent ATP-PPi exchange assays were performed as previously de-
scribed (7, 9). Briefly, each 100-�l reaction mixture contained 75 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 5 mM dithiothreitol, 3.5 mM ATP (pH
7.0), 1 mM [32P]PPi (0.9 Ci/mol), and various concentrations of amino
acid and enzyme. For amino acid specificity studies all amino acids were
present at 1 mM, with the exception of N6-decanoyl-L-Lys and N6-deca-
noyl-N6-hydroxy-L-Lys, which were present at 15 �M. Enzyme concen-
trations used are noted in the appropriate figures. All assays were per-
formed in the linear range for enzyme concentration, with less than 10%
substrate-to-product conversion. The pseudo-first-order kinetic param-
eters for amino acid activation were determined by holding the ATP con-
centration constant at 3.5 mM while varying the amino acid concentra-
tion. For MbtB reactions the L-Thr concentrations were 0.1, 0.3, 0.6, 0.8,
1.25, 3.0, and 5.0 mM. For MbtF reactions, the amino acid concentrations
were as follows: L-Lys, 25, 50, 75, 100, 150, 200, and 300 mM; N6-hydroxy-
L-Lys, 10, 25, 50, 75, 100, 200, and 300 �M. All kinetic parameters were
calculated using nonlinear regression analysis (KaleidaGraph) with data
from three independent assays performed in parallel.

RESULTS
MbtH influences the solubility of heterologously produced
MbtB, MbtE, and MbtF. In vitro analysis of the MBT NRPS/PKS
megasynthase has been hampered by the inability to heterolo-
gously produce soluble forms of these enzymes (29). We (7) and
others (17, 49) recently determined that proteins belonging to the
MbtH-like protein superfamily influence the solubility and activ-
ity of some NRPSs. The MbtH-like protein superfamily is named

FIG 2 Schematic of the chemical synthesis of N6-hydroxy-L-Lys. Cbz, carbo-
benzyloxy; tBu, tert-butyl; DCM, dichloromethane; Bz, benzoyl; MeOH,
methanol; AcOH, acetic acid.
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after the founding member, MbtH, a protein of unknown func-
tion encoded by a gene in the mbt-1 biosynthetic gene cluster. This
raised the possibility that heterologous coproduction of MbtH
with the NRPS components of the megasynthase (MbtB, MbtE,
and MbtF) may resolve difficulties with solubility and activity of
these enzymes.

MbtB, MbtE, and MbtF containing N-terminal hexahistidine
tags were overproduced in E. coli BL21(DE3)ybdZ::aac(3)-IV (7)
in the presence and absence of untagged MbtH to assess whether
MbtH coproduction influenced NRPS solubility. In contrast to a
prior report (29), MbtB was soluble when overproduced without
MbtH (Fig. 3A); however, the presence of MbtH did influence
MbtB solubility because approximately twice as much soluble
MbtB was recovered from cells coproducing MbtH. MbtB over-
produced in the presence or absence of MbtH was purified to near
homogeneity using nickel chelate and ion-exchange chromatog-
raphy (Fig. 3). MbtB did not copurify with coproduced MbtH, in
contrast to other NRPSs that require MbtH-like proteins for sol-
ubility (7, 17, 49). Overproduction of MbtE or MbtF in the ab-
sence of MbtH did not result in soluble enzymes (data not shown),
consistent with prior reports (29). In contrast, when MbtE and
MbtF were coproduced with MbtH, both were soluble and copu-
rified with MbtH through nickel chelate and ion-exchange chro-
matography (Fig. 3B). From these data we conclude that MbtH
interacts with and influences the conformation of MbtB, MbtE,
and MbtF, resulting in enhanced protein solubility. A mechanism
for how MbtH-like proteins influence the solubility and activity of
NRPSs is under investigation.

The A domain of MbtB preferentially activates L-threonine.
Structural analysis of membrane-associated MBT, soluble MBT,
and MBT fragments that stimulate T cell activation suggests that
the oxazoline ring is formed from L-Ser, L-Thr, or �-methyl-L-Ser.
These findings, when combined with bioinformatics analyses of
the NRPS/PKS megasynthase enzymology, led to the proposal that
the A domain of MbtB is responsible for incorporating these
amino acids into MBT (4, 29). It is reasonable to hypothesize that
L-Ser is the preferred substrate because the majority of the MBT
purified from M. tuberculosis contains an oxazoline ring lacking
methylation at the � or � carbon.

Standard amino acid-dependent ATP-PPi exchange assays

were used to define the amino acid specificity of the A domain of
MbtB. The amino acids tested included Gly, L-Ala, L-Ser, L-Thr,
�-methyl-L-Ser, L-Lys, and N6-L-Lys. Surprisingly, the A domain
of MbtB showed significant preference for L-Thr regardless of
whether MbtB was overproduced in the presence or absence of
MbtH (Fig. 4A and B). In fact, MbtB that was overproduced in the
presence of MbtH was even more selective for L-Thr, with L-Ser
activation being comparable to that observed with L-Ala (Fig. 4B).
A comparison of the kinetic parameters for L-Thr activation by
MbtB overproduced with or without MbtH found they were sim-
ilar, with a statistically significant change observed only in the
Vmax (Table 2), which was consistent with the increased activity

FIG 3 SDS-PAGE (4 to 20% polyacrylamide) and Coomassie staining analysis
of purified NRPSs. (A) Purified MbtB (7 �g) overproduced in the absence of
MbtH. (B) Purified MbtB, MbtE, and MbtF overproduced in the presence of
MbtH. Eleven micrograms of protein was loaded in each lane. Mr, molecular
weights (in thousands) of protein standards.

FIG 4 Amino acid specificity of the A domain of MbtB. (A) Amino acid
specificity of MbtB overproduced and purified in the absence of MbtH
(MbtB). (B) Amino acid specificity of MbtB overproduced and purified in the
presence of MbtH (MbtB/H). The results shown are from three independent
amino acid-dependent ATP/PPi exchange reactions, with the error bars rep-
resenting the standard deviations. The reaction mixtures contained either 3.8
�g (MbtB) or 4.0 �g (MbtB/H) of protein and 1 mM the noted amino acid,
and the reactions were run for 20 min. A reaction mixture lacking amino acid
substrate was used to define the background activation, and this activity was
subtracted from that for each amino acid-containing reaction. These condi-
tions were in the linear range of the assays for enzyme concentration, and there
was less than 10% substrate-to-product conversion based on the rates of L-Ser,
L-Thr, and �-methyl-L-Ser activation. Abbreviations: N6-OH-L-Lys, N6-hy-
droxy-L-Lys; �-CH3-L-Ser, �-methyl-L-Ser.
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noted in Fig. 4. Also, since MbtB did not copurify with MbtH, we
tested whether the addition of MbtH to the reaction mixtures
containing the MbtB coproduced with MbtH altered the kinetic
parameters, but only subtle effects on both the Km and Vmax were
observed (Table 2) and there was no change in amino acid speci-
ficity.

The A domain of MbtE is specific for N6-acyl-N6-hydroxy-L-
lysine. The L-Lys residue adjacent to the oxazoline ring of MBT is
hydroxylated and acylated at the N6 position in the final MBT
structures (Fig. 1). Prior biochemical studies suggest that N6-acy-
lation of the L-Lys residue occurs following its incorporation into
the MBT backbone and that N6-hydroxylation occurs subse-
quently (21). Based on these prior results, MbtE was predicted to
activate L-Lys, and we used soluble MbtE resulting from copro-

duction with MbtH to test this hypothesis. Surprisingly, MbtE did
not activate L-Lys. These data raised the alternate possibility that
L-Lys must be modified by N6-hydroxylation or N6-acylation
prior to activation by MbtE. Commercially available N6-acetyl-L-
Lys (to mimic N6-acyl-L-Lys) and chemically synthesized N6-hy-
droxyl-L-Lys were used in ATP-PPi exchange assays to assess
whether these modifications were required for MbtE recognition;
however, neither acted as a substrate for MbtE. L-Ser, L-Thr,
�-methyl-L-Ser, and �-amino-ε-caprolactam (the cyclized form
of L-Lys) were also tested as substrates, but none were activated by
MbtE.

Two possibilities that would explain the failure to detect MbtE
activity with the substrates listed above are that N6-acetyl-L-Lys
does not have a long enough fatty acyl group for recognition by
MbtE and that the true substrate for MbtE is N6-acyl-N6-hydroxy-
L-Lys. To test these hypotheses, the previously characterized M.
tuberculosis acyltransferase Rv1347c was used to enzymatically
generate N6-decanoyl-L-Lys and N6-decanoyl-N6-hydroxy-L-Lys
(Fig. 5A). The decanoyl group was chosen as a mimic of the vari-
ous acyl groups found on MBT, and prior work on Rv1347c
showed that this enzyme efficiently recognized decanoyl-CoA as a
surrogate substrate (11). The enzymatically generated substrates
(at 15 �M final concentration) were used in ATP-PPi exchange
assays, and it was determined that MbtE efficiently activated N6-
decanoyl-N6-hydroxy-L-Lys, but only weakly activated N6-deca-
noyl-L-Lys (Fig. 5B).

These data strongly support a model whereby the L-Lys residue
is fully modified prior to incorporation by MbtE. Furthermore,
Rv1347c was determined to acylate approximately half of the N6-
hydroxy-L-Lys in a reaction mixture within 1 h, but the same
amount of Rv1347c was able to acylate less than 1/10 of the L-Lys
in overnight reactions. This suggests that the N6-hydroxylation of
L-Lys occurs prior to N6-acylation. While prior analyses of
Rv1347c investigated its amino acid specificity (11, 21), neither

TABLE 2 Kinetic parameters for amino acid activation by MbtB and
MbtFa

Enzyme Amino acid Km
b (�M)

Vmax
c (pmol

product/min/
mg protein)

Vmax/Km

(pmol
product/
min/mg
protein/�M)

MbtBd
L-Thr 344 � 31 11,152 � 263 32

MbtB/He
L-Thr 444 � 53 18,025 � 642 41

MbtB/H �
MbtHf

L-Thr 388 � 36 15,192 � 528 39

MbtF/Hg
L-Lys 40,247 � 8,781 18,580 � 1,126 0.46

MbtF/H N6-hydroxy-L-Lys 46.7 � 4.3 210,720 � 6,191 4,512

a See Fig. S1 and S2 in the supplemental material for the Michaelis-Menten plots.
b The values are the averages of three independent assays � the standard errors from
the nonlinear regression curve fit.
c The values are the averages of three independent assays � the standard errors from the
nonlinear regression curve fit.
d MbtB overproduced in the absence of MbtH.
e MbtB overproduced in the presence of MbtH.
f MbtB overproduced in the presence of MbtH with 100 �M MbtH added to the
reaction.
g MbtF overproduced in the presence of MbtH.

FIG 5 Amino acid specificity of the A domain of MbtE. (A) Schematic showing the substrates and products of the enzymatic synthesis of N6-decanoyl-L-Lys
and N6-decanoyl-N6-hydroxy-L-Lys. AT, acyltransferase. (B) Amino acid specificity of the A domain of MbtE. Results shown are from three independent
amino acid-dependent ATP/PPi exchange reactions using MbtE overproduced and purified with MbtH. The error bars represent standard deviations. The
reaction mixtures contained 9 �g of MbtE/H and 15 �M each acylated amino acid, and the reactions were run for 20 min. These reaction conditions were
in the linear range for enzyme concentration, and there was less than 10% substrate-to-product conversion based on N6-decanoyl-N6-hydroxy-L-Lys as
the substrate. A reaction mixture lacking Rv1347c was used to define the background activity, and this activity was subtracted from that for each amino
acid-containing reaction.
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study tested N6-hydroxyl-L-Lys as a substrate. Providing further
support for this model are studies showing that the M. tuberculosis
and M. smegmatis hydroxylase, MbtG, hydroxlyates free L-Lys (21,
33). Furthermore, MbtG homologs involved in N5-hydroxylation

of L-ornithine catalyze hydroxylation on the free amino acid prior
to incorporation by the associated NRPS (25). Finally, a similar
progression of N5 acylation followed by N5 hydroxylation of L-or-
nithine occurs during erythrochelin biosynthesis (32). Based on
our data and these precedents, it is reasonable to conclude that
L-Lys modification in MBT biosynthesis proceeds as follows: N6-
hydroxylation by MbtG, followed by N6-acylation of N6-hydroxy-
L-Lys by Rv1347c and subsequent incorporation of N6-acyl-N6-
hydroxy-L-Lys by MbtE.

The A domain of MbtF is specific for N6-hydroxy-L-Lys. The
finding that L-Lys must be fully modified prior to recognition by
MbtE raised the possibility that MbtF would activate N6-hydroxy-
L-Lys rather than L-Lys as previously proposed. The purified
MbtF/MbtH complex was assayed for amino acid activation, and a
clear preference for N6-hydroxy-L-Lys over L-Lys was observed
(Fig. 6). Defining the kinetic parameters of amino acid activation
revealed that the A domain showed a 	10,000-fold preference
(Vmax/Km) for N6-hydroxy-L-Lys over L-Lys (Table 2). L-Ser, L-
Thr, �-methyl-L-Ser, and �-amino-ε-caprolactam were not sub-
strates for MbtF; thus, as seen with MbtE, the modified L-Lys is the
substrate for the A domain of MbtF.

DISCUSSION

Access to soluble NRPS components of the MBT megasynthase
enabled us to test hypotheses concerning the true substrates for
the NRPS adenylation domains and the timing of amino acid
modification during MBT assembly. Our data suggest the biosyn-
thesis of the L-Thr-containing MBT derivatives occurs as shown in
Fig. 7. First, all the necessary precursors for MBT must be biosyn-
thesized. MbtI catalyzes the transformation of isochorismate to

FIG 6 Amino acid specificity of the A domain of MbtF. The results shown are
from three independent amino acid-dependent ATP/PPi exchange reactions
using MbtF purified with MbtH coproduction. The error bars represent stan-
dard deviations. The reaction mixtures contained 1.6 �g of MbtF/H and 1 mM
each amino acid, and the reactions were run for 20 min. These reaction con-
ditions were in the linear range for enzyme concentration, and there was less
than 10% substrate-to-product conversion based on N6-hydroxy-L-Lys as the
substrate.

FIG 7 Proposed MBT biosynthetic pathway. For brevity, only the MBT derivatives with �,� desaturation of the fatty acyl chain are shown. Fully saturated fatty
acyl chains are likely to be formed by Rv1347c recognizing substrates tethered to Rv1344 prior to FadE14 catalysis of the �,� desaturation. Enzymes previously
noted as MBT tailoring enzymes are proposed to be involved in the precursor biosynthesis that provides the amino acid substrates for the NRPS components of
the megasynthase. Assembly of MBT involves the function of the NRPS/PKS megasynthase, with MbtB, MbtE, and MbtF interacting with MbtH. Release of MBT
from the megasynthase produces derivatives containing �-methyl oxazoline rings. The mechanism of ring demethylation is not yet known. ACP, acyl carrier
protein; A, adenylation domain; PCP, peptidyl carrier protein domain; C, condensation domain; Cy, cyclization domain; TeII, type II thioesterase; KS,
ketosynthase; AT, acyltransferase; KR, ketoreductase; E, epimerase.
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salicylate, providing the aryl acid that caps one end of MBT (14,
29, 50). MbtG will catalyze the N6-hydroxylation of L-Lys, gener-
ating N6-hydroxy-L-Lys (21, 29). This is the substrate for the A
domain of MbtF and also the substrate for the acyltransferase
Rv1347c, which catalyzes the acylation of N6-hydroxyl-Lys to
form N6-acyl-N6-hydroxy-L-Lys, the substrate for the A domain of
MbtE. The L-Thr substrate for the A domain of MbtB is readily
available in the cell and does not have to be biosynthesized specif-
ically for MBT assembly. Based on the final structure of MBT, it is
reasonable to hypothesize that acetoacetyl-CoA is the substrate for
the AT domain of the PKS portion of the megasynthase.

Once these substrates are assembled, each will be activated and
thioesterified to their respective CP domains. The Cy domain of
MbtB will catalyze the condensation of salicylate and L-Thr, fol-
lowed by cyclization to generate the salicyl-methythiazolinyl-
MbtB intermediate (6, 29). The N-terminal C domain of MbtE
catalyzes the condensation of N6-acyl-N6-hydroxy-L-Lys-MbtE,
with the upstream components tethered to MbtB. It is not clear at
this point what (if any) role the additional C-CP pair at the C
terminus of MbtE has in MBT biosynthesis, and further muta-
tional analysis of MbtE is needed to determine whether these do-
mains play any role in MBT biosynthesis. The �-keto group of the
acetoacetyl moiety on MbtD will be reduced by the KR domain,
generating the hydroxyl group that attacks the carbonyl of the
thioesterified intermediate on MbtE, forming the ether linkage of
MBT. The C domain of MbtF condenses the upstream nonribo-
somal peptide/polyketide hybrid molecule with the N6-hydroxy-
L-lysyl-MbtF. Cyclization of the terminal N6-hydroxy-L-lysyl moi-
ety, potentially by the terminal domain of MbtE, releases MBT
from the megasynthase.

The described biosynthetic pathway differs from that previ-
ously proposed in the timing of the modifications to the L-Lys
residues. Prior models proposed that these modifications occur
after the synthesis of the backbone of MBT; thus, they are tailoring
functions. Our data suggest that these enzymes are not involved in
MBT tailoring; rather, they are precursor biosynthetic enzymes
that generate the substrates for the NRPS components of the me-
gasynthase. As the manuscript was being prepared, Madigan et al.
published data that they interpreted as providing evidence that the
hydroxylations of the L-Lys residues are the final steps in sidero-
phore biosynthesis (23). A key piece of these data was the finding
that M. tuberculosis still produced dideoxycarboxymycobactin
(soluble MBT derivatives lacking the L-Lys hydroxylations) when
mbtG was deleted. We interpret these data differently when we
compare the relative amounts of all MBT derivatives produced in
the wild-type strain versus the 
mbtG strain. According to their
published data, the 
mbtG strain produces �2% of the amount of
MBT derivatives that were detected in the wild-type strain, a result
that is inconsistent with the model that hydroxylation is the final
step in MBT biosynthesis. If hydroxylation were the final step,
nearly equivalent amounts of total MBT derivatives produced in
both strains would be expected, with all of the MBT in the 
mbtG
strain being the dideoxy derivative, while the wild-type strain
would produce a distribution of the monodeoxy, dideoxy, and
fully hydroxylated MBT derivatives. Taking into account our re-
sults whereby the hydroxylated substrates are the preferred sub-
strates, we reinterpret the substantial reduction in MBT produc-
tion as being consistent with our model, whereby the loss of MbtG
results in the absence of the natural substrates for MbtE and MbtF.
In the absence of these substrates, the structurally similar sub-

strates L-Lys and N6-acyl-L-Lys, respectively, are used with a lower
efficiency, resulting in lower product yields. This is analogous to
our findings during the analysis of viomycin biosynthesis,
whereby the absence of a precursor biosynthesis enzyme resulted
in the incorporation of a structurally similar, but incorrect, sub-
strate. This change resulted in the production of a viomycin de-
rivative at a level �1% of viomycin in the wild-type strain (1).

Our work provides a pathway for the biosynthesis of MBT
derivatives with a �-methylated oxazoline ring but does not ex-
plain how the nonmethylated or �-methylated derivatives are
generated; thus, the mechanism for removal of the � methyl group
or its migration to the � carbon remains an open question. We do
not favor the hypothesis that the A domain specificity of MbtB is
somehow altered in vivo to favor L-Ser over L-Thr or �-methyl-L-
Ser. Instead, we favor the hypothesis that there is a yet to be iden-
tified MBT biosynthetic enzyme(s). There is no enzyme coded
within the known MBT biosynthesis gene clusters (mbt-1 and
mbt-2) that is a candidate for catalyzing such reactions. It is rea-
sonable to hypothesize that a member of the radical S-adenosyl-
methionine (SAM) enzyme family is a candidate for catalyzing
such demethylation or methyl group migration reactions (2, 47,
48). Interestingly, a gene (locus tag Rv2388c) encoding a class III
radical SAM enzyme is upstream of mbtI in all M. tuberculosis
strains as well as many other Mycobacterium species. Furthermore,
the homolog of this gene in M. smegmatis (locus tag MS-
MEG_4525) may be in an operon with mbtI, raising the possibility
that the encoded protein is involved in MBT biosynthesis. We
note, however, that this open reading frame (ORF) is annotated as
hemN, which codes for a radical SAM enzyme that may be in-
volved in heme biosynthesis (22, 36); therefore, its association
with MBT biosynthesis genes may be unrelated to its possible di-
rect role in MBT assembly. Further analysis of this gene product
and investigations into other potential enzyme candidates, along
with labeling studies to analyze L-Thr or L-Ser incorporation into
MBT, will provide additional insight into this significant question
in MBT biosynthesis.

Finally, MBT biosynthesis has already proven to be a desirable
target for drug development (10, 26, 45). The use of salicyl-AMP
analogs initially developed by Quadri and Tan (10) and extended by
others (28, 40) as inhibitors of M. tuberculosis growth provides a tem-
plate for targeting the A domains of the MBT megasynthase for drug
development. The focus on salicyl-AMP analogs to inhibit the func-
tion of MbtA was viable because these analogs were unlikely to inhibit
host metabolic processes. In contrast, using L-Ser-AMP or L-Lys-
AMP analogs would likely result in problematic inhibition of host
tRNA synthetases. Our discovery that the A domains of MbtE and
MbtF activate N6-acyl-N6-hydroxy-L-Lys and N6-hydroxy-L-Lys, not
L-Lys, reveals that these A domains are targets for inactivation by
amino acid-AMP analogs of these nonproteinogenic amino acids.
Our discovery that MbtH influences the solubility and function of
MbtB, MbtE, and MbtF suggests that disrupting the interactions be-
tween MbtH and these NRPSs may provide another avenue for de-
velopment of the next generation of antituberculosis drugs. We (7),
and others (17, 49) have shown that eliminating MbtH-like proteins
from siderophore biosynthetic pathways abolishes the ability of the
associated organism to grow under iron-limiting conditions due to
the disruption of siderophore biosynthesis. Importantly, MbtH is the
only member of the MbtH-like protein superfamily to be encoded by
M. tuberculosis; thus, cross-complementation by MbtH-like proteins
from other NRPS systems is not an issue, as has been observed in M.
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smegmatis (3). Finally, the described work validates the utility of
MbtH-like proteins for reinvestigating medically or industrially im-
portant NRPSs that have previously proven to be recalcitrant to in
vitro analysis.
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